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Previous studies have shown that the protein encoded by herpes simplex virus type 1 (HSV-1) gene UL6 is required for
processing and packaging of replicated viral DNA and is a minor component of virions and capsids. In this report, we
describe the construction of UL60 HSV-1 mutants with a disrupted UL6 gene using complementing cells and show that
they fail to synthesize the UL6 protein or produce infectious virus in noncomplementing cells. The mutants synthesized but
failed to process and encapsidate viral DNA and accumulated only immature capsids which lacked the UL6 protein.
Immunofluorescence analysis showed that the UL6 protein, when expressed transiently in transfected cells in the absence
of other HSV-1 proteins, is localized exclusively to the nucleus. We also investigated an HSV-1 mutant with a defect in gene
UL33, the product of which is also thought to be involved in viral DNA processing and packaging. The phenotype of this
mutant on noncomplementing cells with regard to failure to process and encapsidate viral DNA, accumulation of immature
capsids, and inability to produce infectious virus was the same as that of UL60 viruses. This mutant, however, produced
capsids containing the UL6 protein, indicating that association of the UL6 protein with the capsid is independent of the
UL33 protein. q 1996 Academic Press, Inc.
INTRODUCTION large, head to tail concatemers which are cleaved to
genome-length molecules and packaged into B capsids
The herpes simplex virus type 1 (HSV-1) virion consists with a concomitant loss of scaffolding proteins. C cap-
of a linear double-stranded DNA genome that is enclosed sids mature into the cytoplasm by budding through the
within an icosahedral capsid which in turn is surrounded nuclear membrane followed by passage through Golgi-
by the tegument and an external glycoprotein-containing derived vesicles and release from the cell as enveloped
lipid envelope (reviewed by Dargan, 1986). Three types viruses (reviewed by Rixon, 1993). Studies with tempera-
of intranuclear capsids are produced in HSV-1-infected ture sensitive (ts) mutants have thus far identified six
cells: A (empty), B (intermediate), and C (full) (Gibson and HSV-1 genes (UL6, UL15, UL25, UL28, UL32, and UL33)
Roizman, 1972). A and B capsids lack virus DNA, and C whose products are required for the formation of C cap-
capsids contain virus DNA. B capsids are composed of sids (Addison et al., 1984, 1990; Sherman and Bachen-
seven virus-encoded proteins: VP5 (encoded by gene heimer, 1987, 1988; Al-Kobaisi et al., 1991; Poon and
UL19), VP19C (UL38), VP21 (3* region of UL26), VP22a Roizman, 1993; Bains et al., 1994). These mutants synthe-
(UL26.5), VP23 (UL18), VP24 (5* region of UL26), and VP26 size near wild-type levels of DNA under nonpermissive
(UL35) (Gibson and Roizman, 1972; Heilman et al., 1979; conditions, but fail to cleave and package the viral con-
Cohen et al., 1980; Preston et al., 1983; Weller et al., catemeric DNA, accumulating only B capsids. In most
1987; Pertuiset et al., 1989; Rixon et al., 1990; Liu and cases, the effect of the ts mutation is reversible upon
Roizman, 1991; Davison et al., 1992; McNabb and Court-
shift to permissive temperature, but only after new pro-
ney, 1992; Preston et al., 1992). A and C capsids differ
teins and capsids are synthesized, indicating that viral
in protein composition from B capsids in that they lack
DNA processing is tightly coupled to the encapsidation
the internal scaffolding proteins VP21 and VP22a (see
process. These data also imply that the formation of a
Rixon, 1993). B capsids are thought to be precursors to
functional packaging assembly may depend on possible
C and A capsids, the former eventually becoming enve-
interactions between proteins involved in the encapsida-
loped and released from infected cells as mature virions.
tion process.
The latter are thought to be products of abortive DNA
Although mutants with ts lesions in the potential pack-packaging (Sherman and Bachenheimer, 1988).
aging genes exist, ts mutants are not ideal in general forViral DNA is synthesized in infected cell nuclei as
studying gene function as they are often leaky, revert to
wt, and may contain multiple mutations. Furthermore, ts
gene products may cause interference in studying gene1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 0141 3372236. E-mail: A.PATEL@VIR.GLA.AC.UK. function in complementation assays. These problems
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can be avoided by generating mutants that are unable The UL6 gene was disrupted by insertion of the Esche-
richia coli b-galactosidase (lacZ) gene as follows. pAS21to synthesize the protein of interest under nonpermissive
conditions. The isolation of insertion/deletion mutants in was cleaved with KpnI (nt 16,269) and the ends were
made blunt by treatment with T4 DNA polymerase. Theall the potential packaging genes is of crucial importance
for delineating individual gene functions and for the even- lacZ gene under the control of an SV40 early promoter
was isolated on a XbaI to BamHI fragment from plasmidtual understanding of the mechanisms involved in viral
DNA processing and packaging. pFJ5 (Rixon and McLauchlan, 1990), and the ends were
made blunt using the Klenow fragment of E. coli polymer-In a previous report we identified the product of the
HSV-1 UL6 gene as a 75-kDa protein, which is a minor ase I in the presence of the four dNTPs. The blunt-ended
lacZ fragment was inserted into the blunt-ended KpnI siteconstituent of the virion and of all three types of capsid
(Patel and Maclean, 1995). Although the UL6 protein is (corresponding to codon 381 of the UL6 protein) of pAS21
to form plasmid pAS212.required for cleavage and encapsidation of replicated
viral DNA (Sherman and Bachenheimer, 1987, 1988), it In order to generate a frameshift insertion at the KpnI
site at nt 16,269, a cosmid (cos6; Cunningham and Davi-is dispensable for HSV-1 capsid assembly in insect cells
infected with recombinant baculoviruses expressing the son, 1993) containing gene UL6 was linearized by digest-
ing with Asp718 in the presence of 2.5 mg/ml ethidiumseven previously known capsid proteins (Tatman et al.,
1994; Thomsen et al., 1994). The role of the UL6 protein bromide, since it contains several Asp718 sites. Asp718
is an isoschizomer of KpnI which cleaves to producein viral morphogenesis is not understood.
In this paper, we describe the isolation and character- 4 nt 5* overhangs. Linear molecules were isolated by
electroelution from agarose gels, and the ends wereization of UL60 HSV-1 mutants using UL6-expressing cell
lines and show that in noncomplementing cells the mu- made blunt by treatment with T4 DNA polymerase in the
presence of the four dNTPs and ligated together. Aftertants fail to process and package the replicated viral
DNA and accumulate only B capsids lacking the UL6 transfection of the ligated DNA into E. coli, a cosmid
lacking the KpnI site at nt 16,269 was identified by restric-protein. We show that the UL6 protein is nuclear when
expressed in the absence of other HSV-1 proteins, and tion endonuclease digestion. This procedure generates
a 4-bp insertion at the Asp718 (KpnI) site. The integritythat association of the UL6 protein with the capsid occurs
in the absence of the UL33 protein, which is also involved of the insertion was ascertained by screening for the
presence of a novel SnaBI site which results from thein viral DNA processing and packaging.
additional 4 bp.
Plasmids pUC19gDNeo and pCMV10 (Stow et al.,MATERIALS AND METHODS
1993) were generously supplied by Drs. Alistair Mac-
Cells and viruses Gregor and Nigel Stow, respectively. pUC19gDNeo con-
tains the neomycin resistance gene under the control ofBaby hamster kidney (BHK) and African green monkey
the HSV-1 thymidine kinase promoter, and the HSV-1(Vero) cells were grown in Dulbecco’s modified Eagle’s
glycoprotein D (gD) promoter downstream of which amedium supplemented with 5% (v/v) fetal calf serum
gene of interest can be placed. An HSV-1 DNA fragment(EFC5). HSV-1 strain 17 syn/ (Brown et al., 1973), and
from nt 15,120 to 21,655 carrying genes UL6 to UL8 inHSV-1 strain 17 reconstructed by cosmid recombination
their entirety was inserted downstream of the gD pro-(cos-wt; Cunningham and Davison, 1993) were used as
moter (thus placing the UL6 gene under the control of thewild-type (wt) viruses. A ts mutant derived from HSV-1
gD promoter) in pUC19gDNeo to form plasmid pgDUL6.strain KOS, tsF18, which has a defect in the UL6 gene
Plasmid pAS30 was constructed by inserting the UL6(Schaffer et al., 1973; Weller et al., 1987), was used to
gene (nt 15,120 to 17,323) immediately downstream ofidentify cell lines expressing the UL6 gene (see below).
the HCMV immediate early promoter in plasmid pCMV10.The cosmid-derived UL330 mutant of HSV-1 strain 17
In addition, three plasmids containing portions of thewas propagated in cell line 20A as reported by Cunning-
UL6 gene were generated. Plasmid pAS301 contains UL6ham and Davison (1993). The wt vaccinia virus strain WR,
sequences from nt 15,120 to 16,263, which encode theand its recombinant derivative V-UL6, which expresses
N-terminal 379 amino acids of the UL6 protein, clonedthe UL6 gene, have been described previously (Patel and
into pCMV10. To express the N-terminal 502 amino acidsMaclean, 1995).
of the UL6 protein, a linker carrying an in-frame stop
codon was inserted at the NcoI site (nt 16,696) in pAS30DNA manipulations
to form pAS303. In pgDUL6, pAS30, pAS301, and pAS303
translation of the UL6 protein is predicted to initiate atThe UL6 gene is located between nucleotide (nt) posi-
tions 15,132 and 17,160 of the HSV-1 genome (Fig. 1; the natural ATG codon. Sequences encoding the 61 His-
UL6 C-terminal fusion protein (see below) were placedMcGeoch et al., 1988). The plasmid pAS21 carries the
entire UL6 open reading frame (ORF) plus flanking se- downstream from the HCMV promoter in pCMV10 to form
pAS302.quences (nt 14,590 to 17,675) (Patel and Maclean, 1995).
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FIG. 1. Schematic representation of the HSV-1 genome showing the location of the UL6 gene. The relevant nucleotide positions and restriction
sites are shown. Bg, K, N, S, and Sc refer to restriction sites Bgl II, KpnI, NcoI, Sal I, and SacI, respectively. The genome is not shown to scale.
For expression in E. coli, sequences from nt 16,492 to BamHI, transferred to Hybond-N membrane (Amersham),
and hybridized to plasmid pGX2 (which carries the17,323, encoding the C-terminal 224 amino acids of the
UL6 protein, were cloned in frame and downstream of BamHI k fragment of the HSV-1 genome) labeled with
[32P]dCTP (Maniatis et al., 1982).the region encoding the initiating ATG plus six histidine
(61 His) residues in expression vector pQE30 (QIAGEN
Construction of HSV-1 UL6 insertion mutantsInc.) to give pAS27. The 61 His-UL6 C-terminal fusion
BHK cells were cotransfected with linearized plasmidprotein was inducibly expressed in large amounts (al-
pAS212 and HSV-1 strain 17 (wt) DNA and incubated atthough in an insoluble form) in the presence of isopropyl-
377C in EFC5 until extensive c.p.e. was observed. Theb-D-thiogalactopyranoside. The fusion protein was ex-
virus progeny from the transfected cells were plated oncised from preparative SDS–PAGE gels for use in anti-
B21 cell monolayers in medium containing 375 mg/mlbody production (see below).
X-gal, a chromogenic substrate for b-galactosidase, as
Generation of UL6-expressing cell lines described by Rixon and McLauchlan (1990), and two blue
plaques, lacZ-UL60(1) and lacZ-UL60(2), were isolated.
BHK or Vero cells were transfected with the plasmid
To construct a revertant virus, BHK cells were cotrans-
pgDUL6 using a liposome-mediated method (Rose et al.,
fected with genomic DNA from lacZ-UL60(1) and pAS21.
1991; Nicholson et al., 1994). Following incubation at
The revertant virus, R-wt, was isolated from the progeny
377C for 48 hr, cells were trypsinized and split 1:10 into
by plaquing on BHK cells. All recombinant viruses were
50-mm dishes containing EFC5. After incubation at 377C
plaque purified four times prior to preparation of working
for 18 hr, the medium was replaced with fresh EFC5
stocks.
containing 1 mg/ml G418. The cells were incubated at
In addition to the lacZ insertion mutants, a mutant con-
377C for approximately 14 days with periodic changes of
taining a 4-bp frameshift insertion at the KpnI site at
medium containing G418. Individual G418-resistant colo-
16,269 nt was constructed using the methods described
nies were picked, amplified, and screened for their ability
by Cunningham and Davison (1993). The mutated cosmid
to support the growth of tsF18 at the nonpermissive tem-
derived from cos6 was cotransfected with four wt cos-
perature (NPT) of 39.57C. Several colonies of both cell
mids into G33 cells. Small virus stocks prepared from
types were found to complement tsF18. G418-resistant
the plaques that arose via recombination between the
isolates of BHK and Vero cells (called cell lines B21
cosmids were screened for loss of the KpnI site at nt
and G33, respectively) were used for the experiments
16,269 by Southern blot hybridization of infected cell DNA
described in this paper.
digested with KpnI using an appropriate probe. One virus
(8-3A, referred to in this report as cos-UL60) was plaqueIsolation of viral DNA
purified once more and an elite stock was prepared and
Total DNA and DNase-resistant (i.e., encapsidated) again checked by hybridization.
DNA from mock-infected or infected cells were isolated
Purification of capsidsessentially as described by Stow et al. (1983). For South-
ern blot analysis, DNA samples were fractionated by BHK cells in roller bottles were infected at an m.o.i. of
10 PFU/cell and incubated at 377C for 24 hr. Virus capsidsagarose gel electrophoresis following digestion with
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lamide and detected by silver staining as described by
McLean et al. (1990). For Western immunoblotting, proteins
were electrophoretically transferred from SDS–PAGE gels
to Hybond ECL membranes (Amersham) as described by
Towbin et al. (1979). Membranes were probed with anti-
body YE583 (which had been extensively preadsorbed
against uninfected BHK cell powder) (diluted 1:1000), and
bound antibody was detected using protein A conjugated
to horse radish peroxidase and the enhanced chemilumi-
nescence detection system (Amersham).
Electron microscopy
BHK cells were mock-infected or infected at an m.o.i.
of 10. At 16 hr postinfection, cells were harvested and
samples prepared for electron microscopy as described
by Preston et al. (1983).
Immunofluorescence
BHK cells grown on 13-mm coverslips placed in 24-well
trays were transfected with expression plasmids as de-
scribed above. Following incubation at 377C for 24 hr, cells
were washed with PBS, fixed with 2% formaldehyde in PBS,
and permeabilized with acetone as described by de Bruyn
Kops and Knipe (1994). Subsequent steps were carried out
at room temperature. The coverslips were incubated with
the primary antibody diluted in PBS containing 0.05% Tween
20 (PBS-T) for 45 min followed by three 5 min washes with
FIG. 2. Single-step growth analysis of wt and mutant viruses. BHK
(a) or B21 (b) cells were infected at 5 PFU/cell with lacZ-UL60(1) (h),
cos-UL60 (j), R-wt (s), wt HSV-1 (l), and incubated at 377C. At various
time after infection, the infected cells were harvested, freeze-thawed,
sonicated, and the virus yields determined by plaque assay on G33
cells.
were purified from nuclear lysates of infected cells in a
20–50% v/v sucrose gradient as described by Booy et
al. (1991) and Tatman et al. (1994).
Generation of anti-UL6 antiserum
The E. coli-expressed fusion protein comprising the C-
terminal 224 amino acids of the UL6 protein fused to 61
His residues was purified by excising the fusion protein
from SDS–PAGE gels as described by Harlow and Lane
(1988). Two New Zealand rabbits were immunized intra-
muscularly with approximately 500 mg of the fusion pro-
tein in Freund’s complete adjuvant. The rabbits were
boosted with 500 mg of the fusion protein in Freund’s
incomplete adjuvant at 2 and 4 weeks after the primary
injections. Ten days after the last boost, the rabbits were
FIG. 3. Immunoblot analysis of infected cell proteins. BHK cells werebled out and antisera (YE583 and YE584) prepared. Anti-
either mock-infected (MI) or infected at 10 PFU/cell with vaccinia virus
serum YE583 was used in experiments described in this strain WR, V-UL6, wt HSV-1, cos-wt, lacZ-UL60(1), lacZ-UL60(2), R-wt,
paper. or cos-UL60. At 18 hr postinfection, cell extracts were prepared, sub-
jected to 9% SDS–PAGE, and analyzed by immunoblotting with antise-SDS–PAGE and Western immunoblotting
rum YE583. Cell extracts from vaccinia strain WR- and V-UL6-infected
Proteins were fractionated on 9 or 12.5% polyacrylamide cells were diluted 40-fold prior to loading on the gel. Positions of protein
size markers are indicated on the right.gels cross-linked with 2% (wt/wt) N,N*-methylene-bisacry-
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by single step growth curve analysis. BHK cells and B21
cells were infected with wt, lacZ-UL60(1), R-wt, or cos-
UL60 at 5 PFU/cell. Infected cells were harvested at vari-
ous times and virus yields were determined by plaque
assay on G33 cells. The wt virus and R-wt replicated with
similar kinetics on both normal and complementing cell
lines (Figs. 2a and 2b). In contrast, the mutant viruses
lacZ-UL60(1) and cos-UL60 failed to replicate in BHK
cells, although in complementing B21 cells, the growth
rate of these viruses was comparable to that of the wt
and rescued viruses (Fig. 2b). Similar results were ob-
tained in Vero and G33 cells (data not shown).
Analysis of the UL6 protein in infected cells
Using a polyclonal antiserum (2C2) raised against an
E. coli-expressed protein comprising full-length UL6 pro-
FIG. 4. Banding of intranuclear capsids from BHK cells infected with
wt HSV-1 or lacZ-UL60(1) in 20 –50% v/v sucrose gradients. The posi-
tions of A, B, and C capsids of wt HSV-1 are shown.
PBS-T. FITC-conjugated anti-rabbit IgG diluted in PBS-T
was added and samples were incubated for 45 min. After
washing the cells as described above, coverslips were
mounted on slides, and the cells were photographed using
a Nikon Microphot SA microscope.
RESULTS
Construction of UL6 mutants
Two cell lines, B21 and G33, derived from BHK and
Vero cells, respectively, which expressed the UL6 gene
under the control of the HSV-1 gD promoter were gener-
ated and used to construct HSV-1 mutants in the UL6
gene. Two isolates [lacZ-UL60(1) and lacZ-UL60(2)] with
lacZ insertions and one (cos-UL60) with a 4-bp insertion
at a site corresponding to amino acid residue 381 were
generated. The mutation in lacZ-UL60(1) was restored to
wt by marker rescue to give R-wt. The expected alter-
ations in the structure of the UL6 gene in the mutant
genomes and the revertant virus were confirmed by
Southern blot hybridization (data not shown).
FIG. 5. Analysis of virus capsids. Purified A, B, and C capsids of wt
HSV-1 and B capsids of lacZ-UL60(1), cos-UL60, or the UL330 mutants
Growth characteristics of the UL6 mutants were subjected to (a) 12% SDS–PAGE for examination of protein profile
by silver staining and (b) 9% SDS–PAGE followed by immunoblotting
The growth characteristics of the UL6 mutants in B21 using antiserum YE583. The positions of the capsid proteins (a) and
and BHK cells were compared with those of the revertant the UL6 protein (b) are indicated. The migration of protein size markers
is shown at the right (b).R-wt and the wt HSV-1 strain 17 (referred to as wt) virus
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FIG. 6. Electron micrographs of BHK cells infected at 10 PFU/cell with (a) wt HSV-1, (b) R-wt, (c) lacZ-UL60(1), (d) cos-UL60, or (e) the UL330
mutant. Following incubation at 377C for 16 hr, cells were fixed in glutaraldehyde and prepared for electron microscopy. Nu, nucleus, Cyt, cytoplasm.
A, B, and C capsids are shown in (a) and (b). Only B capsids are produced in mutant-infected cells (c to e).
tein fused to 61 His residues, we previously identified virus V-UL6, wt HSV-1, cos-wt, or R-wt but not in mock-
or vaccinia virus strain WR-infected cells. As expected,the 75-kDa UL6 gene product in HSV-1-infected cells and
showed that it is a minor component of HSV-1 capsids the UL6 protein was not detected by YE583 in cells in-
fected with the HSV-1 mutants lacZ-UL60(1), lacZ-(Patel and Maclean, 1995). However, in immunoblots of
infected cell extracts 2C2 also cross reacted with pro- UL60(2), or cos-UL60. Similar results were obtained us-
ing antiserum 2C2 (data not shown). The UL6 proteinteins that migrate close to but at a slower rate than the
UL6 protein (Patel and Maclean, 1995). Therefore, we was not recognized by the preimmune YE583 serum in
wt HSV-1 or V-UL6-infected cells (data not shown). Thegenerated another rabbit antiserum against an E. coli-
expressed protein consisting of the C-terminal 224 amino lacZ-UL60 viruses are predicted to encode a C-terminally
truncated protein of approximately 46 kDa containing theacids of the UL6 protein tagged with 6 histidine residues.
This antiserum (YE583) was used in immunoblot experi- first 381 amino acid residues of the UL6 protein linked
to residues encoded by downstream SV40 sequences.ments to analyze its reactivity with infected cell proteins.
As shown in Fig. 3, YE583 detected the 75-kDa UL6 pro- The cos-UL60 mutant would also express the first 381
amino acid residues of the UL6 protein and 35 residuestein in BHK cells infected with the recombinant vaccinia
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encoded in an alternative reading frame downstream UL6 (Fig. 5b) protein, indicating that the UL33 protein is
not required for interaction of the UL6 protein with thefrom the 4-bp insertion. The truncated proteins, if ex-
pressed stably, were not detected in immunoblot of mu- capsid.
tant-infected cells by antiserum 2C2 (data not shown).
Not unexpectedly, they were also not detected by YE583 Electron microscopy of infected cells
(Fig. 3) since this antibody is directed against the C-
terminal portion of the UL6 protein. Thin sections of BHK cells infected with wt HSV-1, the
UL60 viruses, the revertant virus R-wt, or the UL330 virus
were examined by electron microscopy. As expected, theAnalysis of purified virus capsids
nuclei of wt- or R-wt-infected cells contained all three
types (A, B, and C) of capsid and enveloped virions wereIn contrast to the three types of capsid synthesized in
infected cells by wt HSV-1, UL6 ts mutants synthesize seen in the cytoplasm (Figs. 6a and 6b). B and C capsids
characteristically contain inner electron-translucent andonly type B capsids under nonpermissive conditions
(Sherman and Bachenheimer, 1987, 1988). To examine electron-dense cores, respectively (see Rixon, 1993). In
contrast, the nuclei of cells infected with the UL60 orcapsid synthesis by the insertion mutants, nuclear ly-
sates of BHK cells infected with wt HSV-1 or the UL6 UL330 viruses contained large numbers of B capsids
which had small electron-translucent cores; no A or Cinsertion mutants [lacZ-UL60(1) and cos-UL60] were sub-
jected to sucrose density gradient centrifugation and the capsids were observed in these cells (Figs. 6c–6e).
These results are consistent with the failure of the UL60individual capsid bands were examined. As expected,
gradients containing the nuclear lysate of wt virus-in- and UL330 mutants to cleave and package virus DNA
(see below, Fig. 7), indicating that the UL6 and UL33fected cells contained three bands corresponding to A,
B, and C capsids (Fig. 4). In contrast, a single band comi- gene products are required for production of C capsids.
grating with the wt B capsids was seen in gradients
containing nuclear lysates of cells infected with the UL60 Analysis of virus DNA in infected cells
viruses (a representative gradient is shown in Fig. 4),
consistent with results obtained using UL6 ts mutants In HSV-1-infected cells, viral DNA is synthesized as
large concatemers which are subsequently cleaved to(Sherman and Bachenheimer, 1987, 1988). Purified cap-
sids from BHK cells infected with wt HSV-1 or the UL60 genome length monomers in a process that is intrinsi-
cally linked to encapsidation. Concatemeric virus DNAmutants were subjected to SDS–PAGE and the proteins
were visualised by silver staining. As shown in Fig. 5a, which has been cleaved to unit length molecules exhibits
free termini that carry BamHI fragments q and s, and thusthe protein profile of capsids isolated from mutant-in-
fected cells was identical to that of wt virus type B cap- the presence of these fragments shows that cleavage of
concatemeric molecules to genome length has occurred.sids. Consistent with our previous observations (Patel
and Maclean, 1995), the UL6 protein was not present in BamHI q and s can be detected by Southern hybridization
using as a probe the HSV-1 BamHI k fragment whichwt virus capsids at detectable levels in the silver-stained
gel (Fig. 5a). Analysis of the same capsid preparations spans the joint between the internal repeat regions of
the genome and thus represents a fusion of BamHI qby immunoblotting using antiserum YE583 showed that
the capsids synthesized by the UL60 viruses lacked the and s. To examine viral DNA processing and packaging,
BHK cells were infected with wt HSV-1, UL60 viruses, R-UL6 protein, which was present in all three types of wt
virus capsids (Fig. 5b). Similar results were obtained us- wt, or the UL330 mutant at a m.o.i. of 10 PFU/cell. At 18
hr postinfection, total cellular DNA and DNase-resistanting antiserum 2C2 which also failed to detect the putative
C-terminally truncated UL6 protein in purified capsids (encapsidated) DNA from infected cells were prepared
and analyzed by Southern hybridization following BamHIsynthesized by the UL60 viruses (data not shown).
As a comparison, we included in the experiments de- digestion. As shown in Fig. 7, total cell DNA and encapsi-
dated DNA from cells infected with the wt HSV-1, cos-scribed above an HSV-1 mutant carrying a 4-bp
frameshift mutation in gene UL33 (Cunningham and Davi- wt, or R-wt contained BamHI q and s, but cells infected
with the UL60 or UL330 mutants lacked the terminal frag-son, 1993), the product of which is essential for growth
of virus in infected cells and is also thought to play a ments. Both the UL60 and UL330 mutants synthesized
viral DNA in quantities comparable to those in wt- or R-role in viral DNA processing and packaging (Al-Kobaisi
et al., 1991). As with the UL60 viruses, sucrose gradient wt-infected cells. Furthermore, no encapsidated DNA
was found in the mutant-infected cells (Fig. 7). Thesedensity centrifugation of intranuclear capsids synthe-
sized in BHK cells by the UL330 virus showed that this results indicate that the UL6 and UL33 insertion mutants,
like their ts counterparts (Sherman and Bachenheimer,mutant synthesized only type B capsids with a polypep-
tide profile similar to the B capsids of wt and UL60 vi- 1987, 1988; Al-Kobaisi et al., 1991), are able to synthesize
near wt levels of virus DNA in infected cells, but fail toruses (Fig. 5a). Western immunoblotting showed that the
B capsids synthesized by the UL330 virus contained the cleave and package it into capsids.
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DISCUSSION
In this study, we constructed UL6 complementing cell
lines which were used to generate HSV-1 mutants car-
rying insertions in the UL6 gene. The mutants were de-
fective in their ability to synthesize the UL6 protein in
noncomplementing cells; they grew only on complement-
ing cells, confirming that the UL6 protein is essential for
viral replication. The mutants synthesized near wt levels
of virus DNA, but failed to cleave and encapsidate the
replicated viral DNA, and accumulated only B capsids.
The revertant virus was phenotypically identical to wt
virus, indicating that the phenotype of the mutants is due
to the mutations introduced into the UL6 gene. These
results accord with those obtained with the UL6 ts mu-
tants (Weller et al., 1987; Sherman and Bachenheimer,
1987, 1988). We also showed that the B capsids synthe-
sized by the UL60 viruses in BHK cells are similar in
appearance and in protein composition to their wt coun-
FIG. 7. Processing and encapsidation of viral DNA. BHK cells were terparts, except that they lack the full-length, functional
infected as indicated at 5 PFU/cell. At 18 hr postinfection, the cells UL6 protein. The dispensability of the UL6 protein in cap-
were lysed in the presence (/) or absence (0) of DNase I, and total sid assembly in HSV-1-infected cells is consistent with
(0) and DNase-resistant (i.e., encapsidated) DNA (/) were prepared
the data of Tatman et al. (1994) and Thomsen et al. (1994)as described in Stow et al. (1983). The DNA was digested with BamHI
obtained using recombinant baculoviruses expressingand subjected to Southern blot hybridization using a 32P-labeled plas-
mid pGX2 carrying the HSV-1 BamHI k fragment as a probe. The loca- the seven capsid proteins but not UL6. We cannot com-
tions of BamHI k, q, and s in the HSV-1 genome are shown at the top. pletely rule out the possibility that capsids synthesized
by the UL60 mutants contain the putative C-terminally
truncated UL6 protein (containing the first 381 amino
Intracellular localization of the UL6 protein acids), since it is possible that the site of interaction of
the UL6 protein with the capsid may be located in theEfforts to examine the intracellular distribution of the
N-terminal portion. However, this truncated protein, if ex-UL6 protein in HSV-1-infected cells by indirect immuno-
pressed stably, was not detected by immunoblotting ei-fluorescence using antisera 2C2 or YE583 were unsuc-
ther in the infected cells or in purified capsids by antise-cessful owing to high background staining which possi-
rum 2C2 directed against the full-length protein (data notbly resulted from interaction of viral glycoprotein E with
shown), even though a transiently expressed C-terminallythe Fc region of immunoglobulin G. Instead, the intracel-
truncated protein containing the first 379 amino acids oflular localization of the UL6 protein expressed from a
the UL6 protein was readily identified by 2C2 in immuno-plasmid expression vector was examined. BHK cells
fluorescence experiments.were transfected with pAS30 (which expresses the wt
By way of comparison, we also investigated an HSV-form of UL6; amino acids 1 to 676), pAS301, pAS303
1 mutant carrying a frameshift mutation in gene UL33,(expressing N-terminal amino acids 1 to 379 or 1 to 502,
which has been implicated in DNA packaging (Al-Kobaisirespectively), or pAS302 (expressing amino acids 453
et al., 1991). Like the UL60 mutants, the UL330 mutantto 676, i.e., the C-terminal 224 amino acids), and the
(which is predicted to encode a C-terminally truncateddistribution of each of the proteins was examined by
product containing the first 30 amino acid residues ofindirect immunofluorescence using antisera 2C2 or
the UL33 protein plus a further 12 residues resulting fromYE583. A strong nuclear fluorescence was found with
the frameshift; Cunningham and Davison, 1993) failed toboth antisera in cells transfected with pAS30 (Figs. 8b
cleave and encapsidate the replicated viral DNA andand 8g). In cells transfected with pAS301, pAS302, or
synthesized large numbers of B capsids in infected cells.pAS303, however, the distribution of the respective trun-
The phenotype of the UL330 virus is thus similar to thatcated proteins was in discrete spots and predominantly
of the UL33 ts mutant, ts1233 (Al-Kobaisi et al., 1991).cytoplasmic (Figs. 8d, 8e, 8h, and 8j). The proteins en-
To our knowledge, the UL33 protein has not yet beencoded by pAS301 and pAS302 were not recognized by
identified in infected cells, and it is not known whetherantisera YE583 and 2C2, respectively (Figs. 8c and 8i).
this protein (or indeed the UL6 protein) has a direct roleInterestingly, the antiserum YE583 recognized the N-ter-
in viral DNA processing and packaging. It is possibleminal 502 amino acid protein expressed by pAS303 (Fig.
that the two proteins may interact with each other given8e), indicating that some of the epitopes for this antibody
are located between amino acids 453 and 502. that they are implicated in these processes. But the ob-
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FIG. 8. Intracellular localization of transiently expressed full-length and truncated forms of the UL6 protein. BHK cells were transfected with
plasmid pCMV10 (a, f), pAS30 (b, g), pAS301 (c, h), pAS302 (d, i), or pAS303 (e, j). Following incubation at 377C for 24 hr, cells were fixed and
treated with anti-UL6 antibody YE583 (a to e) or 2C2 (f to j). The bound antibodies were detected by immunofluorescence as described under
Materials and Methods.
servation that B capsids synthesized in BHK cells by the is localized to the nucleus. This is not unexpected, as
capsid assembly and viral DNA packaging take place inUL330 virus contained the UL6 protein indicates that the
interaction of the UL6 protein with virus capsids is inde- the nucleus. Nevertheless, it is an important observation
since it shows that, unlike the capsid proteins, VP5, VP23,pendent of the presence of the full-length UL33 protein.
We have recently expressed the UL6 protein in baculovi- and VP26, which localize to the nucleus only in the pres-
ence of VP22a and VP19C (Nicholson et al., 1994; Matus-rus. Preliminary results show that the UL6 protein is in-
corporated into HSV-1 capsids synthesized in insect cells ick-Kumar et al., 1994; unpublished results), transport of
the UL6 protein to the nucleus does not require othercoinfected with recombinant baculoviruses expressing
the UL6 protein and the other seven capsid proteins, HSV-1 proteins. Known nuclear localization signals are
defined by a region of basic amino acids (Kalderone etindicating that no other HSV-1 proteins are required for
this process (data not shown). al., 1984; Richardson et al., 1986; Dingwall et al., 1988;
Hibbard and Sandri-Goldin, 1995). The UL6 protein se-Immunofluorescence analysis of the UL6 protein tran-
siently expressed in BHK cells showed that this protein quence contains an arginine-rich basic region (668-
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FIG. 8—Continued
RDGRRDGRR-676) at its C-terminus which may play a Mutants with lesions affecting the scaffolding protein
VP22a, however, synthesize immature capsids in in-role in nuclear transport. Deletion analysis showed that
the N-terminally as well as the C-terminally truncated fected cells but fail to process and package DNA (Pres-
ton et al., 1983; Gao et al., 1994), and thus have a pheno-forms of the UL6 proteins failed to localize to the nucleus.
We have not ruled out, however, that the failure of some type more like that of the UL60 mutants. In this case it
seems unlikely that VP22a is directly involved in DNAtruncated forms of the UL6 protein to localize to the nu-
cleus may be due to conformational changes or lack of processing and packaging; the phenotype is almost cer-
tainly due to assembly of aberrant capsids that are in-appropriate modification.
The UL6 protein is required for cleavage and encapsi- competent for DNA uptake. One possible structural role
for the UL6 protein is that its presence may predisposedation of replicated viral DNA, but it is not known whether
this reflects a direct role in these processes or is an the capsids for viral DNA transport. However, at present
it is not clear how this may be achieved. We are currentlyindirect result of its possible structural role. Mutants with
lesions in the genes encoding capsid proteins VP5, investigating to see if B capsids synthesized by the UL60
virus (or indeed the UL330 virus) are capable of viralVP19C, and VP23 also fail to process replicated DNA
(Pertuiset et al., 1989; Desai et al., 1993), but this is proba- DNA uptake. UL6 molecules are detectable in capsids
only by immunological means and are thus thought tobly an indirect effect of their failure to assemble capsids.
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performing electron microscopy, and Mrs. J. B. Maclean for excellentbe present in low copy number, and their location in the
technical assistance.capsid is not known, although they appear not to be part
of the penton subunit or the scaffold (Patel and Maclean,
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